Radiolysis of pyridinium-type exchange resin has been investigated by gamma-ray irradiation. This study focused on the effect of absorbed doses, pH and NO 3 − concentrations on the NH 4 + concentrations and the changes of ion exchange capacity (IEC) after irradiation. It was found that hydrated electron could destroy the resin to generate pyridine and polymeric phenacyl radical, and pyridine was further degraded to NH 4 + . Test results of IEC showed 2% ion exchange groups were lost from resin in 5 mol/L HNO 3 at 100 kGy absorbed dose. Adsorption efficiency of irradiated resin under the absorbed dose of 100 kGy for TcO 4 − was 94.3%.
Introduction
Ion exchange resin is widely used for the adsorption and separation of lanthanide and actinide in the spent fuel reprocessing. Pyridinium-type anion exchange resin due to the presence of soft nitrogen donor atom has been successfully applied to separate the trivalent actinide and lanthanide ions [1] , the minor actinides-Am and Cm [2] and the nuclear fission products-Tc [3] . However, the pyridine resin would suffer destruction from the radioactivity of nuclear waste liquid, resulting in the structural changes of the resin and the formation of by-products [4] .
After pyridine resin is irradiated, the changes in properties such as the IEC and resin structure [5] have been studied in detail. In addition, the gas products such as CO 2 , CO, CH 4 and H 2 have also been evaluated [6] . Nevertheless, NH 4 + formed by irradiating pyridine resin in aqueous solution has rarely been studied. The formation of NH 4 + is considered to be a consequence of the degradation of pyridine functional groups in the presence of oxygen [5] . However, IEC and the adsorption properties of PS-N resin would change with the formation of NH 4 + .
In the previous work [7] , we have synthesized pyridinium-type anion exchange resin (PS-N) for the adsorption of TcO 4 − . Now, the decomposition mechanism of PS-N resin is further investigated under the gamma radiation. The specific purposes are to:
(1) study the effect of absorbed doses, pH and NO 3 − concentrations on the NH 4 + concentrations (2) investigate the effect of above factors on the IEC of irradiated PS-N resin (3) analyze the adsorption efficiency of TcO 4 − on PS-N resin after irradiation (4) characterize the PS-N resin before and after irradiation to observe the structure change.
Experimental

Materials
All chemicals are analytically pure. Polystyrene-divinylbenzene microspheres (PS) with a particle size of 40-60 mesh were obtained from Tianjin Borui Jianhe Chromatography Technology Co., Ltd. The ultrapure water was provided by ELGA Labwater. NH 4 TcO 4 was purchased from Eckert & Ziegler Isotope Products Laboratory, and the activity of 99 Tc is 1 mCi.
Synthesis of PS-N resin
There are two steps in the synthesis of PS-N resin. The first step is the chloroacylation of polystyrene resin (PS), and the second step is the introduction of pyridine functional group. First step: 10 g of PS was added to the dichloromethane to swell for 2 h, then added chloroacetyl chloride and aluminum chloride under the mechanical agitation at 25 °C for 4 h. Finally, chloroacylation product (PS-Cl) was obtained and washed with the tetrahydrofuran, ice hydrochloric acid (3% wt), ultrapure water, methanol in turn. PS-Cl was dried in a vacuum oven at 40 °C for 48 h.
Second step: The mixture of 10 g of PS-Cl and 250 mL pyridine were mechanically stirred at 100 °C for 12 h to prepare PS-N resin. PS-N resin was washed with the dichloromethane, methanol, ultrapure water, acetone and dried at 40 °C for 24 h. The reaction mechanism of these two steps is shown in Scheme 1.
Gamma-ray irradiation
A certain amount of PS-N resin was added to ultrapure water, 0.001-3 mol/L HNO 3 solution and 0.001-3 mol/L NaNO 3 solution, respectively. The mixtures were exposed to gamma rays of the average dose rate of 0.42 kGy h −1 , which were emitted by 60 Co source obtained from Shanghai Heming company. The samples were irradiated at the absorbed dose range from 20 to 100 kGy, and then the resin and supernatant were separated by the syringe-driven PVDF filters with 0.2 µm aperture. The irradiated solid samples were vacuum dried at 45 °C for the determination of IEC. At the same time, the liquid residues were placed in the test tubes for the analysis of NH 4 + concentrations. The above radiolysis experiments were carried out in air atmosphere.
Ion exchange capacity
IEC of PS-N resin before and after irradiation was determined by an automatic potentiometric titrator (Metrohm 888*). First, Cl type pyridine resin was soaked in excess NaOH solution, converting it to the OH type. Then, the resin was washed with deionized water until the solution pH was about 7, and OH type resin was obtained. 0.1 mol/L HCl standard solution was added to OH type resin, and the concentration of unreacted H + in solution was determined by the automatic potentiometric titrator. The formula for calculating the IEC was expressed as follows:
where C is the concentration of unreacted H + (mol/L), V is the volume of the measured solution (L), m is the resin mass (g).
Ion chromatography
The concentration of NH 4 + in the test tube was determined by Metrohm®883 ion chromatograph. 5 mL of test solution was slowly injected into the ion chromatograph, and the mixed solutions of 1.7 mmol/L nitric acid and 1.7 mmol/L 6-pyridinedicarboxylic acid were used as the eluent at 1 mL/min of flow rate. MagIC Net 3.0® software was used to operate the ion chromatography system and analyze data. Under the above conditions, the retention time of the NH 4 + is 3.90 min, and 1000 mg/L of NH 4 Cl standard solution was diluted to 0 mg/L, 2 mg/L, 5 mg/L, 10 mg/L and 30 mg/L as the standard solution series for calibration.
TcO 4 − adsorption study
NH 4 TcO 4 was dissolved in ultrapure water for the preparation of TcO 4 − solution. PS-N resin in aqueous solution was irradiated in the absorbed doses of 0, 20, 40, 60, 80, 100 kGy, respectively. 10 mg of irradiated PS-N resin was mixed with 5 mL of TcO 4 − solution. The 99 Tc activity was determined by a liquid scintillation counter (LSC7200C: Hitachi Aloka), and the adsorption efficiency(A) of TcO 4 − was calculated by the following formula:
Scheme 1
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where a 0 (Bq/mL) and a e (Bq/mL) were expressed the activity of 99 Tc at initial and equilibrium state, respectively.
Spectral analysis
Fourier transform infrared spectrometry (FT-IR) was carried out on Shimadzu IR Affinity-1 using a potassium bromide tableting method to study the change of the pyridine resin structure before and after irradiation. The samples were measured in the wavenumber range of 500-2000 cm −1 .
Results and discussion
Change in NH 4 + concentrations
Effect of absorbed doses on the NH 4 + concentrations 0.5 g of resin and 5 mL of ultrapure water were mixed and then the mixture was irradiated in the absorbed dose range from 20 to 100 kGy, which was used to investigate the effect of absorbed doses on the NH 4 + concentrations. The results are shown in Fig. 1 4 + concentration (mol/kg), D is the absorbed dose (kGy) and 9.632 is the conversion factor from "mol kg −1 MGy" to "molecules/100 eV". The G values are 0.88 mol/J, 0.76 mol/J, 0.62 mol/J, 0.83 mol/J and 0.85 mol/J in the absorbed dose of 20-100 kGy, respectively.
Effect of pH on the NH 4 + concentrations
Experiments were carried out to study the effect of pH on the NH 4 + concentrations, and H 2 SO 4 and NaOH were used for the adjustment of pH. 0.04 g of resin and 5 mL aqueous solution were mixed at pH 1-12 under the absorbed dose of 60 kGy. Figure 2 showed the variation of NH 4 + concentrations with pH values. At initial pH values of 1, 3, 6, 8, 10 and 12, NH 4 + concentration was 0 mg/L, 9.67 mg/L, 9.96 mg/L, 10.14 mg/L, 10.26 mg/L and 30.54 mg/L, respectively. The results revealed that NH 4 + concentrations increased with the increasing initial pH values. G values of e − aq would increase at high pH values [8] , which can increase the possibility that PS-N resin was degraded into NH 4 + .
Effect of NO 3 − concentrations on the NH 4 + concentrations
NO 3 − is widely used as a scavenger for e − aq and Eq. (2) showed this reaction [9] . Here, NaNO 3 as a salt-out agent in the spent fuel reprocessing was used to investigate the effect of NO 3 − on the NH 4 + concentrations, which was significant for the design of the adsorption system and the prediction of radiation damages of the resin. 0.2 g of resin was added into 12 mL of 0.001, 0.01, 0.1, 1, 3 mol/L NaNO 3 or HNO 3 solution, respectively, and the mixtures were irradiated in the absorbed dose of 100 kGy. Figure 3 
Change in IEC of PS-N resin
According to the effect factors (absorbed doses, pH, NO 3 − concentrations) on the NH 4 + concentrations, it's found that e − aq would favor the degradation of PS-N resin. Furthermore, e − aq would affect the IEC of PS-N resin indirectly. In order to prove this theory, experiments were performed to examine the effects of absorbed doses, pH and NO 3 − concentrations on the IEC of irradiated PS-N resin.
Effect of absorbed doses on the IEC of irradiated PS-N resin
The IEC of irradiated PS-N resin in the absorbed doses of 0-100 kGy were measured respectively. The results are shown in Fig. 4 . The IEC decreased from 1.519 to 1.490 mmol/g when the absorbed dose increased from 0 to 100 kGy, indicating the IEC decreased with the increase of the absorbed doses. Nevertheless, the IEC of irradiated PS-N resin was reduced by only 0.029 mmol/g when the absorbed dose increased by 100 kGy. For Dowex 2 resin (Cl type), the loss of exchange capacity is 5.2% in the absorbed dose of 40 kGy [11] , and the loss of exchange capacity of PS-N resin is 1.91% in the absorbed dose of 100 kGy. This result suggests that PS-N resin have high radiation stability.
Effect of pH on the IEC of irradiated PS-N resin
The effect of pH on the IEC of irradiated PS-N resin in the absorbed dose of 60 kGy was studied, and the results are shown in Fig. 5 . The IEC of irradiated PS-N resin reduced from 1.488 to 1.376 mmol/g as the pH value increased from 1 to 12. This result suggests that the IEC of irradiated PS-N resin would decrease at high pH values.
Effect of NO 3 − concentrations on the IEC of irradiated PS-N resin
The effect of NO 3 − concentrations on the IEC of irradiated PS-N resin in the absorbed dose of 100 kGy is shown in Fig. 6 . With the increase of NO 3 − concentrations, the IEC of irradiated PS-N resin increased gradually. The degradation ration (DG) of exchange groups was calculated by Eq. The formation of NH 4 + Radiolysis products of H 2 O are hydrogen radicals (H·), hydroxyl radicals (·OH), hydrated electrons (e − aq ) as radical products and H 2 and H 2 O 2 as molecular products. When the resin is used to separate radionuclides from nuclear waste liquid, these radicals would attack the functional groups of the resin and destroy its structure. The gamma radiation of polystyrene-based quaternary ammonium resin in aqueous solution has been reported, in which e − aq could react with the resin to produce polymeric benzyl radical and trimethylamine [12] . In analogy to the radiolysis of polystyrenebased quaternary ammonium resin, the reaction of e − aq and PS-N resin is considered to produce pyridine and polymeric phenacyl radical. Additionally, it has been known that the irradiation decomposition products of pyridine aqueous solution are ethanedioic acid, methanoic acid and ammonia in the presence of O 2 and ·OH [13] . Therefore, the formation of NH 4 + by radiolysis of PS-N resin in aqueous solution can take place in the following two steps: (1) e − aq diffuses to the surface of PS-N resin through aqueous solution and react with the resin to form pyridine and polymeric phenacyl radical; (2) pyridine is decomposed into ammonia by gamma-ray irradiation, which is dissolved in water to form NH 4 + . Ultimately, it can be seen that e − aq play a important role in NH 4 + formation. The formation mechanism of NH 4 + is shown in Scheme 2.
TcO 4 − adsorption
PS-N resin is mainly used for the adsorption of TcO 4 − in low level radioactive wastewater. Thus, it is essential to investigate the adsorption properties of PS-N resin after irradiation. Figure 7 showed the adsorption efficiency of PS-N resin irradiated in the absorbed doses of 0-100 kGy. As absorbed dose increased from 0 to 100 kGy, the adsorption efficiency of TcO 4 − on the resin decreased from 98.9 to 94.3%. The results showed that the adsorption efficiency of PS-N resin has a slight decrease after irradiation, but the adsorption efficiency was only reduced by 4.6% when absorbed dose increased to 100 kGy. Figure 8 shows the infrared spectra of unirradiated PS-N resin (a), irradiated PS-N resin in ultrapure water (b), 0.01 mol/L HNO 3 (c), 0.01 mol/L NaNO 3 (d) and 1 mol/L NaOH (e) in the absorbed dose of 100 kGy. For the infrared spectra of (a)-(e), the peaks at 1446 cm −1 and 1489 cm −1 represent the stretching vibration of C-C on the benzene ring. In addition, the stretching vibration of the carbonyl group (C = O) is observed at 1691 cm −1 . The adsorption peaks of C-N (1195-1220 cm −1 ) and pyridine ring (1600-1632 cm −1 ) were observed [7] . The infrared spectra of PS-N resin irradiated in different condition show no visible changes compared with unirradiated PS-N resin, which illustrates qualitatively that PS-N resin structure doesn't suffer severe destruction after gamma irradiation.
FT-IR
Conclusion
NH 4 + concentrations and the IEC of pyridinium-type resin were determined when the resin in solution was irradiated by gamma rays. It was proved that e − aq played an important role in the formation of NH 4 + and the change of IEC. The increasing absorbed doses and pH values increased NH 4 + concentrations and reduced the IEC. NO 3 − as a scavenger of e − aq has been found to decrease NH 4 + concentrations and increase the IEC. Additionally, the adsorption efficiency of irradiated PS-N resin for TcO 4 − was decreased by 4.6% in the absorbed dose of 100 kGy.
The research results can guide the design of adsorption experimental conditions to reduce the irradiation damage of the resin. The optimal experimental conditions for the adsorption of TcO 4 − on the PS-N resin are that the solution is at pH ≤ 7 and the absorbed dose is less than 100 kGy.
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